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Abstract 14 
This study investigated the effect of foliar applied zinc (Zn) on the distribution of Zn 15 
and phytate in rice grain between four Thai rice varieties that differ in grain Zn. Foliar Zn 16 
application at 0.5% ZnSO4 was applied at flowering and the early milky stage compared with 17 
non-foliar applied Zn. Among the high-yielding, low grain Zn varieties (CNT1 and RD21), 18 
foliar applied Zn increased Zn concentration in both dorsal and ventral sections of unpolished 19 
rice by up to 17.7 and 14.3%. In the low-yielding, high grain Zn varieties (KPK and NR), Zn 20 
concentration increased by 11% in the dorsal section of NR, but no effect was found in both 21 
sections of KPK. In polished rice, the Zn concentration increased by 20% in both sections but 22 
it was increased only in the ventral section of KPK and CNT1 by 21.0% and 25.0% 23 
respectively, while there was an increase of 12.5% in the dorsal section of RD21. The phytate 24 
in the seed fractions was measured as an indication for Zn bioavailability within humans. A 25 
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lower phytate concentration was observed after foliar Zn application in both unpolished and 26 
polished rice, indicating the potential for a higher bioavailability of Zn in the rice grain. 27 
Keywords: Rice grain; Foliar Zn fertilizer; Grain section; Grain Zn, Grain phytate 28 
29 
1. Introduction30 
Around 2 billion people are considered to be zinc (Zn) deficient and efforts are 31 
underway to biofortify staple food crop with Zn, to try and reduce the prevalence of this 32 
deficiency. Within rice consumption regions, the number and severity of Zn deficient people 33 
is reported to be between 34 to 73 % of the total population and this is attributed to the low 34 
concentration of Zn in rice grain (White and Broadley, 2005). Zn deficiency leads to 35 
increased morbidity and exasperates ailments such as diarrhea, pneumonia and malaria and 36 
results in the increased burden of disease (Hotz and Brown, 2004).37 
Genotypic variation for Zn in unpolished rice has been found among different rice 38 
germplasm, with reports of 14 to 58 mg kg-1 in rice germplasm at IRRI (Welch and Graham, 39 
2004) and 17 to 50 mg kg-1 from local upland rice germplasm from Thailand (Jaksomsak et 40 
al. 2015). Even though, some genotypes have been considered as high in grain Zn 41 
concentration, they often still do not meet the target of at least 28 mg kg-1 in polished rice 42 
(Bouis et al. 2011) and this is because there is a loss of Zn during the polishing process.  43 
Agronomic biofortification is an approach through the application of Zn fertilizer and 44 
this strategy is widely accepted because it is a short-term, practical approach to lifting grain 45 
Zn concentration in the cereals (Cakmak, 2008). The role of applied Zn fertilizer on the 46 
accumulation of Zn in cereal grain has been investigated by soil and foliar Zn application at 47 
different growth stages and soil Zn fertilizer application was less effective in enhancing grain 48 
Zn in rice when compared to wheat (Wissuwa et al. 2008 and Cakmak et al. 2010a). By 49 
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contrast, foliar Zn application at the reproductive stage, efficiently improved grain Zn in the 50 
whole grain and penetrated to increase Zn in the endosperm and embryo (Cakmak et al. 51 
2010a). In rice, Phattarakul et al (2012) and Boonchuay et al (2013) reported that 2 52 
applications of foliar Zn spray at flowering and early milky stages increased the Zn 53 
concentration from 66 to 264% in unhusked grain and from 25 to 55 % in polished rice, 54 
respectively, even though grain yield was not affected by foliar application of Zn.  55 
Studies have shown that Zn accumulates in the bran layer, pericarp and aleurone and 56 
embryo of rice grain and this Zn is removed during the polishing process (Saenchai et al. 57 
2012; Lu et al. 2013). Ideally, there should be a greater deposition of Zn deeper into the 58 
endosperm. Pathways of Zn transport into rice grain reflect the delivery and distribution of 59 
Zn. The sole vascular bundle locating on the dorsal ridge of the seed pericarp layer is the 60 
major path for entry of Zn into the grain but this is isolated from the endosperm and embryo 61 
(Oparka and Gates 1981; Zhang et al. 2007). The dorsal location of the vascular bundle is 62 
why Zn was more abundant in the aleurone layer in the dorsal and lateral side than on the 63 
ventral side during seed development (Iwai et al 2012). The uneven distribution of Zn 64 
between dorsal and ventral sections was also observed between rice varieties (Jaksomsak et 65 
al. 2014). Even though, foliar Zn application improved both unhusked and unpolished rice Zn 66 
concentrations, the effect on the distribution of Zn into the dorsal and ventral sections has not 67 
yet been reported in different rice varieties. 68 
This study aimed to investigate the distribution of Zn between the dorsal and ventral 69 
grain sections in both unpolished and polished rice after two foliar Zn application, at 70 
flowering and the early milk stage between different Thai rice varieties that normally have a 71 
range of grain Zn concentration. This will be useful for the biofortification strategy to 72 
improve Zn in polished rice which is the major form of rice eaten by rice consumers. 73 
 74 
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2. Materials and Methods 75 
2.1 Field experiment 76 
The four Thai rice varieties with a range of grain Zn concentration were low-yielding 77 
with high grain Zn varieties KPK and NR and high-yielding with low grain Zn varieties 78 
CNT1 and RD21 (Saenchai et al. 2012; Jaksomsak et al. 2014). The varieties had different 79 
grain dimensions, with KPK having large grain (4.0 x 11.1 mm) and more slender grain in 80 
CNT1 (2.3 x 10.4 mm), RD21 (2.7 x 10.2 mm) and NR (2.9 x 8.7 mm). The plants were field 81 
grown during the wet season (July to December 2014) at Chiang Mai University. The field 82 
site consisted of a loamy sand of the Sansai series, with pH 5.7, 59 mg kg-1 Bray II P, and 1.2 83 
mg kg-1 DTPA-extractable Zn. Briefly, rice seeds were pre-germinated by soaking in water 84 
for 24 h, incubated for 48 h in the dark and then germinated seeds were sown in the prepared 85 
seed beds. Seedlings were transplanted at 4 weeks after sowing with a single seedling per hill 86 
and spacing between hills was 0.25×0.25 m. The experiment was conducted as a factorial 87 
design in randomized complete block design with 4 replications in a total experimental area 88 
of 20 x 20 m.  Rice plants of 4 varieties were sprayed by 2 different levels of foliar Zn 89 
applications, 0 and 0.5 % (w/v) of ZnSO4.7H2O solution. The nil foliar Zn treatment was 90 
sprayed with DDI water. The foliar Zn was applied 2 times, at flowering and early milky 91 
stages.  The rate of foliar Zn application was approximately 900-1000 L ha-1 (Boonchuay et 92 
al. 2013). Soil fertilizers were applied by NPK fertilizers at a rate of 53 Kg N ha-1, 21 kg P2O 93 
ha-1 and 18 kg K2O ha-1 in 2 split applications, at 30 and 60 days after transplanting. At 94 
maturity, a 1 x 1 m2 sample was taken from each plot. Grain yield and moisture were 95 
measured after three days of sun drying to determine yield at 14% moisture and straw yield 96 
was recorded after drying by hot air oven at 70 °C for 72 h. 97 
 98 
2.2 Sample preparation and Zn analysis 99 
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At maturity, the paddy rice was dehusked manually by hand to produce unpolished 100 
rice and husk. The unpolished rice was polished by a milling machine (model K-1, Ngek 101 
Seng Huat Company, Thailand) for 30 s to yield polished rice and a bran fraction which was 102 
the mixing of aleurone, pericarp and embryo. The metal parts of the milling machine were 103 
carefully cleaned to avoid Zn contamination of rice samples. The embryo was removed 104 
manually from unpolished rice by using a teflon-coated razor blade (Figure 1a). The 105 
unpolished rice without embryo and polished rice were sectioned along the grain length into 106 
dorsal and ventral sections (Figure 1b, c). Sample of grain fractions, unpolished rice, husk, 107 
bran, embryo and polished rice and grain sections, dorsal and ventral sections of unpolished 108 
and polished rice were oven dried at 70°C for 72 h before analysis Zn concentration with a 109 
Hitachi Z-8230 atomic absorption spectrophotometer (Allan, 1961). A reference material of 110 
soybean leaf was used in all batches to check the quality of samples analyses. 111 
 112 
2.3 LA-ICP-MS analysis 113 
LA-ICP-MS imaging was performed with a Resonetics M-50-LR 193-nm. Excimer 114 
laser microprobe coupled to an Agilent 7700cx quadrupole ICP-MS housed at Adelaide 115 
Microscopy, University of Adelaide. The sample was presented in a two-volume small and 116 
volume ablation cell designed by Laurin Technic Pty. Ablation was performed in an 117 
atmosphere of UHP N (0.7 l min-1), and upon exiting the cell the aerosol cell was mixed with 118 
Ar (0.93 l min-1) immediately after the ablation cell, after which the mix was passed through 119 
a pulse-homogenizing device labelled a “squid” prior to direct introduction into the torch.  120 
Imaging was performed by ablating sets of parallel line rasters in a grid across the sample 121 
with a beam size of 24 µm, scan speed of 24 µm s-1 and line separation of 24 µm for the 122 
image acquisition. A laser repetition of 10 Hz was selected at a constant energy output of 100 123 
mJ, resulting in an energy density of ~6 J/cm2 at the target. Using these beam conditions 124 
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depth of ablation during mapping was around 5-10 µm. A set of 7 elements were analysed (C, 125 
P, K, Mn, Fe, Cu and Zn) with 0.01s dwell time for all masses. A 30 s background acquisition 126 
was acquired at the start of every raster, and to allow for cell wash-out, gas stabilization, and 127 
computing processing, a delay of 15 s was used after each line. The standard glasses NIST 128 
610 and NIST 612 were measured at the start and end of a mapping run to correct for any 129 
drift during the imaging. Images were compiled and processed using the program Iolite 130 
developed by the Melbourne Isotope Group at Melbourne University as an add-in for the data 131 
analysis program Igor developed by Wave Metrics. 132 
 133 
2.4 Phytate analysis 134 
Unpolished and polished rice samples were dried in an oven at 85 °C overnight. After 135 
drying, samples were ground using a MM400 mixer mill (Retsch, Haan, Germany) in 50 ml 136 
zirconium oxide cups with 25 mm diameter zirconium oxide balls. Phytate content, in the 137 
form of myo-inositol hexaphosphate (IP-6) was determined by High Perfomance Ion 138 
Chromatography (HPIC) using a Dionex ICS-5000 reagent free HPIC system with 139 
suppressed conductivity detection (Thermofisher, Sunnyvale, CA, USA) using a method 140 
based on Lehrfeld (1989, 1994).  141 
 142 
2.5 Statistical analysis 143 
Analysis of variance was conducted to determine the effects of variety, foliar Zn 144 
treatment and interaction between variety and foliar Zn treatment using Statistic 8 (analytical 145 
software, SXW, Tallahassee, FL, USA). Least Significant Difference (LSD) at P < 0.05 was 146 
used to compare means.   147 
 148 
3. Results 149 
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The foliar application of Zn fertilizer at flowering and early milky stages had no effect 150 
on grain and straw yields of the 4 rice varieties but significant difference was found among 151 
the rice varieties (P< 0.05) (Figure 2a, b). The highest grain and straw yields were found in 152 
the RD21 and CNT1 varieties which were about 3 to 4 times those in KPK and NR, 153 
respectively. 154 
 Foliar Zn application significantly increased the Zn concentration in the husk and 155 
variation was witnessed between the varieties (Figure 3a). Without Zn application there was 156 
no difference in husk Zn amongst the varieties, while foliar Zn application increased the husk 157 
Zn concentration, ranging from 3.3 times more in KPK to 5.0 times more in RD21. 158 
Furthermore, foliar Zn application significantly increased the Zn concentration in unpolished 159 
rice in all varieties, ranging from a 17.7 % increase in NR to a 50% increase in RD21 (Figure 160 
3c). On the other hand, there was an interaction between a variety and the foliar Zn treatment 161 
on Zn concentration in the bran, polished rice and embryo (Figure 3b, d and e). In the 162 
embryo, the Zn application increased Zn concentrations in KPK and NR by 8.7 and 12.8%, 163 
respectively but no effect of foliar Zn application was found in RD21 and CNT1. In the bran 164 
fraction and polished rice, foliar Zn application improved the Zn concentration by 15.7% and 165 
30.8%, respectively in RD21 and 20.0 and 38.5%, respectively in CNT1. On the other hand, 166 
KPK showed no effect of foliar Zn application on Zn concentration in polished rice, while the 167 
concentration declined by 11.9% in the bran fraction.  Different responses were found in NR. 168 
While here was no effect of foliar Zn application on Zn concentration in the bran fraction, its 169 
concentration also declined by 20.8% in polished rice after foliar Zn application.  170 
 The study of Zn distribution by using LA-ICP-MS of longitudinal sections of 171 
unpolished rice without foliar Zn application presented uneven distribution of Zn between the 172 
grain parts and between the grain sections (Figure 4). Between the grain parts, Zn 173 
significantly accumulated in the embryo, followed by an increase in the pericarp and 174 
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aleurone. In contrast, Zn concentrations were very low in the endosperm. The distribution of 175 
Zn among grain sections clearly showed that the accumulation of Zn in the dorsal section was 176 
higher than the section in the pericarp and aleurone and endosperm.  177 
The concentration of Zn in the dorsal section of unpolished rice was significantly 178 
higher than in the ventral in all varieties both with foliar and without foliar Zn applications 179 
(Figure 5A). The order of Zn concentration among the rice varieties was similar in the dorsal 180 
and ventral sections either with foliar or without foliar Zn applications. The order was as 181 
follows: NR> KPK>CNT1= RD21. The concentration of Zn in the dorsal and ventral sections 182 
responded to foliar Zn application independently among four varieties. Foliar Zn application 183 
increased the Zn concentration in the dorsal and ventral sections of RD21 and CNT1. In the 184 
dorsal section, there was an 11.9% increase in the Zn concentration in RD21 and a 17.1% 185 
increase in CNT1, while in the ventral section, a 13.9% increase was evident in CNT1 and a 186 
14.3% in RD21. By contrast, foliar Zn application had no effect on Zn concentration in KPK 187 
in both dorsal and ventral sections. In the variety NR, an 11.1% increase in Zn concentration 188 
in the dorsal section and no effect of foliar Zn application in the ventral section. 189 
 The Zn concentration in the dorsal section of the polished rice was also higher than in 190 
the ventral section in all varieties, both in foliar and without foliar Zn applications (Figure 191 
5A). The order of Zn concentration without foliar Zn application was similar both in the 192 
dorsal and ventral sections; NR= KPK> CNT1=CNT1. Foliar Zn application increased the Zn 193 
concentration in both sections differently among all varieties. In the variety, NR foliar Zn 194 
application increased the dorsal and ventral concentration by 22.7 and 21.1% respectively, 195 
but it was increased only in the ventral section of KPK and CNT1 and this was by 21.0% and 196 
25.0%, respectively. There was also a 12.5% increase in Zn concentration only in the dorsal 197 
section of RD21. 198 
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Foliar Zn application affected the phytate concentration in unpolished rice and 199 
varietal variation was evident (Figure 5B). The foliar Zn treatment reduced the phytate 200 
concentration in KPK and NR by 20.2% and 36.1%, respectively but had no effect on phytate 201 
concentration in CNT1 and RD21. In polished rice, the phytate concentration significantly 202 
differed between foliar and without foliar Zn application and among rice varieties (Figure 203 
5B). Foliar Zn application decreased the phytate concentration in all varieties, from 2.8% in 204 
KPK and 16.1% in RD21. The concentration of phytate was the lowest in CNT1 and had the 205 
highest in RD21. 206 
 There were different correlations between Zn concentration in unpolished and 207 
polished rice (Table 1). The concentration of Zn in unpolished rice was positively correlated 208 
with the Zn concentration in the dorsal and ventral sections of CNT1 and NR, while the Zn 209 
concentration in whole polished rice of RD21 and KPK had no correlation with the Zn 210 
concentration in the 3 grain sections. There was also a positive correlation between the Zn 211 
concentration in the whole polished rice and the Zn concentration in the dorsal section of 212 
RD21 whereas the whole polished rice of CNT1 had a correlation with the Zn concentration 213 
in the ventral section. The Zn concentration in polished rice of KPK had no correlation with 214 
Zn concentrations in both ventral and dorsal sections. In NR, the Zn in polished rice had a 215 
highly negative correlation with the Zn concentration in the ventral section. 216 
 217 
4. Discussion 218 
Our previous study (Jaksomsak et al. 2014) investigated the uneven distribution of Zn 219 
concentration between grain sections of rice, with a higher concentration observed in the 220 
dorsal section of unpolished rice and this was maintained in the polished rice and the degree 221 
of retention varied by variety. The present study has further investigated the extent of Zn 222 
retention in the dorsal and ventral sections both in unpolished and polished rice grain after 223 
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foliar Zn applications. The result agrees with a suggestion that the major route for Zn 224 
transport to the endosperm is through the conducting vascular bundles on the dorsal side and 225 
then this is delivered via the nucellar projection (Oparka and Gates, 1981; Krishnan and 226 
Dayanandan, 2003). An increase in Zn concentration in all grain sections and in different rice 227 
varieties is a useful outcome for agronomic biofortification efforts. However, in soil with 1.2 228 
mg kg-1 DTPA-extractable Zn the application of foliar Zn had no effect on grain yield, even 229 
though it influenced grain Zn concentration in unpolished and polished rice with the 230 
interaction effects between variety and grain section without the effect of yield dilution.   231 
Under flooding conditions, the major route of Zn transport into rice is via the phloem, 232 
from vegetative parts such as stem, leaf sheath and leaf (Tuyogon et al. 2016). Nishiyama et 233 
al. (2013) also reported that Zn transport into grain occurs predominantly via the phloem and 234 
this was established by applying foliar 65Zn to the flag leaf at 10 days after anthesis. Our 235 
results, in good agreement with those studies, show that foliar applied Zn to the aerial parts of 236 
the plant at flowering and early milky stage, and under flooding conditions, increased the 237 
grain Zn concentration in the husk and unpolished rice in all rice varieties with different 238 
magnitudes of response between rice varieties and grain sections. Previous studies agreed that 239 
the most important factor to accomplish an increase in grain Zn in rice by applying foliar Zn 240 
fertilizer is the timing of application after flowering stage (Boonchuay et al. 2013; 241 
Phrattarakul et al. 2012). This might be associated with the pattern of Zn accumulation during 242 
seed development rapidly increasing until 2 weeks after flowering (Iwai et al. 2012). The 243 
effectiveness of foliar Zn application among different rice varieties might be due to their 244 
varied ability to remobilize Zn from vegetative parts via the phloem (Fernandez and Brown, 245 
2013). Without foliar Zn, the traditional rice varieties KPK and NR had higher grain Zn 246 
concentration in unpolished rice than the improved varieties RD21 and CNT1. This higher 247 
level of Zn accumulation in unpolished rice observed in the improved varieties after foliar Zn 248 
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
11 
 
application. The different mechanism of grain Zn accumulation between the two groups is 249 
requiring further investigation. Furthermore, there was genotypic variation in the effect of 250 
foliar Zn application on the accumulation of Zn in polished rice. As polished rice is the 251 
preferred form of rice amongst the majority of rice consumers, this is a very significant result. 252 
Foliar Zn application increased Zn in the polished grain of both RD21 and CNT1, but 253 
depressed it in NR and had no effect in KPK. The effect of milling on Zn retention has been 254 
reported to be affected by several factors such as grain size and shape (which are different 255 
between the varieties used in this study) (Prom-u-thai et al. 2007), the extent of Zn 256 
partitioning into different parts of the grain and the depression of Zn during the milling 257 
process to produce polished rice (Seanchai et al. 2012). The mechanism of intra transport and 258 
movement of Zn within the grain section from the foliar Zn application among rice varieties 259 
will require further study to better understand why there is genotyping variation in Zn 260 
retention.  261 
 Higher grain Zn in the dorsal section compared with the ventral after foliar Zn 262 
application in both unpolished and polished rice was confirmed by LA-ICP-MS imaging in 263 
which a higher distribution of Zn was seen in the dorsal section when compared with the 264 
ventral section which was in concordance with chemical analysis. The adding of grain Zn 265 
into the dorsal and ventral sections by foliar Zn application influenced the total grain Zn 266 
concentration in unpolished and polished rice differently among varieties as indicated by the 267 
correlation, indicating different patterns of Zn partitioning among rice varieties, while the 268 
concentration in the section of embryo may not be used as an indicator of the total grain Zn 269 
concentration in brown rice as no correlation was observed in all varieties. On the other hand, 270 
the foliar Zn application not only improved grain Zn concentration, but it also consequently 271 
decreased phytate concentration in rice grain. The effect of foliar Zn application in reducing 272 
phytate concentration has been reported in wheat (Cakmak et al. 2010b; Ghasemi et al. 2013) 273 
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and field pea (Poblaciones and Rengle, 2016).  While the role of Zn in suppressing phytate 274 
accumulation in food grain needs to be explored, this effect in rice has a clear practical 275 
implication. Diets with high phytate concentration can lead to Zn deficiency in many 276 
countries (Gibson, 2006) due to its reduction of Zn bioavailability, as it limits the absorption 277 
of Zn in the digestive tract (White and Broadley 2005). A reduction of phytate concentration 278 
in rice was also shown to significantly increase Zn absorption in a rat pup model (Lönnerdal 279 
et al. 2011). Thus the application of foliar Zn not only increases the Zn concentration in rice 280 
grain, but has added benefit of making the Zn more useful to the rice eater. However, 281 
increasing the number of study as well as location and rice variety would definitely help to 282 
confirm the current findings.  283 
 284 
5. Conclusions 285 
Our results indicate that the major route of Zn transport into the rice endosperm is 286 
through the conducting vascular bundles on the dorsal side of the rice seed and that genotypic 287 
variation exists in the distribution patterns of Zn in the rice grain. The Zn concentration in 288 
both unpolished and polished rice of high-yielding varieties with low grain Zn, CNT1 and 289 
RD21, were increased more by foliar Zn application than the low-yielding varieties with high 290 
grain Zn, KPK and NR. The depression of phytate concentration in rice by foliar Zn 291 
application, which would have a beneficial effect Zn bioavailability by needs further 292 
investigation. The research presented here also provides supporting information for further 293 
research to elucidate the in-depth physiological mechanism involved in the ability of some 294 
rice genotypes to accumulate Zn in different seed tissues.  295 
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Figure 1 Images by stereo microscope of unpolished rice with embryo (E) (a) and unpolished 397 
rice without embryo (b) and polished rice (c) which were sectioned along the grain length 398 
into dorsal (D) and ventral sections (V). 399 
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 408 
 409 
Figure 2 Grain and straw yields of four rice varieties across non-foliar and foliar Zn 410 
application. The data are pooled mean of non-foliar and foliar Zn average from four 411 
independent replications. 412 
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 425 
Figure 3 Zinc concentrations in the husk (a), bran fraction (b), unpolished rice (c), polished 426 
rice (d) and embryo (d) of four rice varieties in non-foliar and foliar Zn application 427 
treatments. The data are mean of each Zn application treatment average from four 428 
independent replications.  429 
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 437 
Figure 4 Image of longitudinal section of unpolished rice, CNT1 variety by LA-ICP-MS; 438 
dorsal (D) and ventral sections (V) 439 
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 467 
 468 
Figure 5 (A); Zinc concentrations in the dorsal and ventral sections of unpolished rice (a) and 469 
polished rice (b) in four rice varieties of non-foliar and foliar Zn applications. (B); Phytate 470 
concentrations in unpolished rice (a) and polished rice (b) of four rice varieties in non-foliar 471 
and foliar Zn application treatments. The data are mean of each Zn application treatment 472 
average from four independent replications.  473 
 474 
 475 
 476 
 477 
a) Unpolished rice 
b) Polished rice 
LSD
 0.05 (V) = 0.4 
LSD
 0.05 (T) = 0.3 
LSD
 0.05 (V x T) = 1.8  
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Table 1 Pearson’s correlation coefficients (r) between Zn concentration in unpolished rice 478 
and grain sections of unpolished rice (dorsal, ventral and embryo) and between Zn 479 
concentration in polished rice and grain sections of polished rice (dorsal and ventral) of four 480 
Thai rice varieties. *** P<0.001, ** P<0.01, * P<0.05, ns: Not Significant.  481 
Variety Unpolished rice White rice 
Dorsal Ventral Embryo Dorsal Ventral 
RD21 0.51ns 0.69ns -0.65ns 0.79* 0.54ns 
CNT1 0.84** 0.83* 0.30ns 0.27ns 0.80* 
KPK 0.28ns 0.53ns 0.61ns -0.17ns 0.19ns 
NR 0.79* 0.83* -0.55ns -0.55ns -0.94*** 
 482 
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Highlights 
• Major route of Zn transport into the endosperm is the vascular bundles in dorsal side  
• Foliar Zn affected on grain Zn differently among grain section and varieties.    
• The depression of phytate concentration in rice by foliar Zn application.  
